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DYNAMICS AND STRUCTURE .OF THE OUTER RADIATION BELT

C. Y. Fan, P. Meyer and J. A. Simpson

ABSTRACT

From an analysis of electron measurements in the

. Explorer VI satellite (August 7 - October 6, 1959) four '%%ﬁ

time-dependent parameters have been investigated which
characterize the outer electron beit. They are: (1) the
equatorial electron intensity IO, (2) the eQuatorial ranée
from the earth R, of the peak intensity, (3) the electron
density distribution along a line of force through the
Intensity peak, and (4) a measure of the change in electron
speétrum with time. These parameters along with measurements
of magnetic field intensity make 1t possible to study the
orlgin of the changes in electron intensity and distri-
butlion which are known to occur 1n the outér belt. Se-
veral magnetic storms cccurred during the observation on
Explorer VI. Within the sequence of changes in the outer
belt induced by these geomagnetlic storms, there are some
changes of the parameters which are accounted for only

by 1nvoking an irreversible energy gain or loss within'

the outer belt. The energy gain process appears to be
through irreversible local accelerafion of electrons. The
energy loss process leads to a stable mirror point dis-
tribution characteristic of the periods between geomag-
netic storms. The time Meervals dre 1de;n_tified within

which each of these processes 1s operative. Reversible



processes are posslibly the cause for other changes.

The foregoing analysis rests upon the proof given 1n
this paper that the outer belt peak intensity colncides
‘over a wide range of geomagnetic latitudes with magnetic
field 1ines of force in the centered dipole approxlmation.
Consequently, the measured electron intensity maximum 1is
used as a "tracer" of the geomagnetic fileld lines of force
for analyzing changeslin the outer belt with time. It
1ﬂu2£2wn that even during geomagnetic storms the trace
of £hg electron intensity maximuw followed a centered dil-
pole line of force. This indicates that at all times the
particle energy density of the radiation belt 1is much less
than the energy density of the magnetic field in the
reglon.

The electron fluxes, high energy proton fluxes and
possible electron spectra are investigated. Two dlstinct
peaks of electron inﬁensity are ildentified to persist 1in
the outer belt for about two months, and it is shown that

these peak distributions undergo radial motion during geo-

magnetic disturbances.




I. INTRODUCTION

The first measurements cf charged particles trapped
within the geomagnetic field were made by the Iowa {(Van Allen,
McIlwaln and Ludwig, 1959 ) and by the USSR groups {Vernov,
Chudakov, Vakulov and Logachev, 1959a). Subseguent observa-
tions proved the existence of an inner belt composed of
energetic protons and electrons, and an cuter radiation belt
domlnated by energetic electrons. Single traversals of
the outer belt made at different times led to the conclusion
that the characteristics of this outer belt changed with

time and solar activity. The origin of the inner belt

-protons 1s satisfactorily accounted for by the decay products

of fast neutrons escaping from the terrestrial atmosphere.
Although the origin of the outer belt at first was ascribed
to electrons accelerated at the sun and subseguently trapped
in the geomagnetic field, this hypothesis foundered both

on the basis of physical principles, and through experimental
evidence, including results reported in this present paper.
Therefore, 1f electrons are to be introduced from the sun,
or other sources at very low energy, 1t is required that
they be accelerated in the geomagnetic field to yield the
persistent, varlable flux of energetic electrons observed in
the outer radiation belt. On the other hand, if the cuter
belt electrons are ambient electrons, or electrons frcm
neutron decay (Hess, 1960 ; Dessler and Karplus, 1960),

then the changes 1n electron intensity and spatial distri-

bution must also arise from magnetic field changes.
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Therefore we conclude that a study of the changes in
the electron outer belt brought about by changes in the geo-
magnetlc fleld may lead us to the origin of these trapped
electrons,

The energy which produces the variations of the '
external geomagnetlic fleld comes from solar events, such as
the solar flares, which emlt lonilzed plasma leading to the
classical geomagnetic storm.

There are a variety of ways by which some of these
changes in energy and distribution of trapped electrons may
be brought about (for example, Northrop and Teller 1960,
Parker 1961a). Either rapid field changes including hydro-

magnetic wave propagation lead to the violation of one or

more of the adiabatic invariants, and hence to irreversible

acceleration or loss of energy in the belt, or slow field

changes may dominate to produce reversible acceleration and

consequent changes in the particle distributlons 1in space.
The main purpose of the present investigation 1s to
declde whether reversible processes determine the changing
character of the outer electron belt, wor irreversible pro-
cesses must be invoked. The experiment, therefore, requires
frequent, sequential traversals of the outer electron reglon
at intermediate and low latitudes for extended periods of
time under both quiet fileld conditions as well as during geo-
magnetic storms. An investigation of this kind was first
undertaken by the Explorer VI satellite launched 7 August,

1959 in the highly elliptic orbit shown in Figure 1. This




-3
satellite carrled a group of charged particle radiatiocon
detectors having a wide dynamic range and variety of energy
responses, as well as a magnetcmeter. The types of radiation
detection instruments are given 4in Appendix 1, Table I |
alnng with a 1ist of all space vehlcles which at this

writing have passed through the outer belt at low latitudes
.Appendix I, Table II). )The measurements were c¢btalned under
fortunate circumstances, since the geomagnetic fleld remained
quiescent for a week before the commencement of two.geo—
magnetic storms closely spaced in time. All of the data are
within the period 7 August through 6 October, 1959, follow-
ing which time the transmitter ceased to operate.

A preliminary account of our experiments {(Fan, Meyer
and Simpson, 1960 ) has shown several new properties cf the
trapped electrons in the outer belt, such as the persistent
existence of a double belt structure in the outer zocone and
radlial motions of these peak iIintensity distributions with
time. We also observed the large scale time-dependent
changes of intensity and‘particle distributicns following
geomagnetic storms which have also been reported by other
investigators with apparatus on Explorer VI (Arncldy, Hoffman
and Winckler, 1960a) (Rosen, Farley and Sonett, 1960 ).
However, our detailed study and conclusions regarding the
outer belt electrons have awalted the full reduction «f data,
the avallability of correlating solar geophysical data,

and improved orbit calculations for Explorer VI.
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To prove whether there exist irreversible changes or
only reversible changes, our investigation centers on the
ldentification and measurement cof parameters which describe
the characteristics of the cuter belt and their changes
with time. We first show that a centered dipole magnetir
fleld 1s a good approximation for the description of trapped
electron gulding centers in the outef‘belt, even during
perliods of geomagnetic steorms. Thus, the positions of
intenslty maxima in the outer kelt become '"tracers" by which
we follow changes in positicn, intensity., or other parameters
as a function of time. It is then possible tc follow systema-
tlcally through the progress of a geomagnetic storm the changes
of parameters such as the equatorial range Ry of the outer
belt, or the equatorial intensity maximum I,. To investigate
reversible and irreversible processes we also need to know
the electron mirror point distribution slong a magnetic line
of force and the changes in thisz distribution with time.
Having proved that the centered dlpole approximation describes
the lines of force in space in the outer bhelt we are atle
to construct experimental curves of slactron intensity as a
function of position along magnetic :ines of force and
relate the changes in their distributions to geomagnetis sterms.

The analysis of bremsstrahlung intensity rests upcn
some knowledge of the changes in electrcn sgectrum with time
and positlon in the geomagnetic field. Through the intro-
duction of a parameter which reveals when the electron

spectrum changes as a function of pcaition or time we
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separate spectral changes during mognetiz storms from changes
in mirrcr point distributions, etc. The measurements show
that there 1s a concentration of electrcns at the equater
during some geomagnetic storms.

Our results lead to the 1ldentification c¢f twec irrever-

3

sible processes among all the changes in the electrimn aute

L]

belt during geomagnetic storms. One 1s an energy cr particle
galn; the other 1is an energy op particle Icss. Althcugh

not disproved, it also appears unlikely that the ocuter belt
electrons are solar electrons which arrive with sub-detecticn
energlies to undergoc local pcstacceleration. It 1s prectable
that the irreversible processes of gain and loss operate

on amblent electrons and beta decay electrons. Scme con-
ditions are established for developing stecific mcdels of

the electron outer belt.

II. CHARACTERISTICS OF THE DETECTCR SYSTEM

In order to separaze high-energy prcotens [ 2 75 Mew)
and electrons (E > 13 Mev) from bremsstrahlung produced by
lower energy electrons, a triple ccoincldence telescepe con~
¢isting of seven methane-argcn fllied gas 2ounters wis used
for the detectors (Figure 2). These cocuntzrs cperated in
the semiproportional range with a dead-%ime of C.8 mi-rr-
secend. This makes 1t pessible te distinguiszh the cosmic ray
fiux from the trapped radiation in the cuter radiaticn relt
and to separate the bremsstrahlung production from energetic

prctons in the inner radiation belt. Grougs cf these

Lis
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counters were combined as shown in Figure Z to fcrm 3 wide-
angle, triple-coincidence counter teleszope so that the
accidental rate would e negligible even for the highest
fluxes expected in the ~u%fer belt. The wilde-angle was
chosen to avold the variation of coun®ting rateg due to any
possible anisotropy of the radiaticn in the gecmagnetlic
field. The lead shield surccunds the triple-colncidence
telescope for two reasens. One, 1t provides a threshold
for the minimum energy protons detectable by the triple-
coincidence telesccope {75 Mev for protons and 23113 Mev
for electrona). Two, the five gram=-cm”~ > of lezd reduces
the total counting rate in each of fthe indlvidual countvers

to such a level that even for the highest fluxes attalaatle

w
ol
<
)
+

in the outer radiation bel®, only wminor ccorrections
the dead-time were wneeded and were uever more than 2% .
The information from the oubputs of the two szalavs
in Figure 2 were transmitted *o ground wecelving sratiins
through twe subcarrier chswnels in trhe Explorer VI satellite.
The response cf this detestor svstem te protons was
studied using the Universzity of Jhicsge sachrocyewotrorn

protcn besm. The resultay 2ars shown in FTigare 2 for the

detector axis perpendiculsr to the proton kteam over an encrgy

range of 50 to 250 Mev. In messuring relatvively {lat opectrs
like the coamic radizticr and tbs Inrer velr pretens {(Freden
and White, 1960) this datector possesres 2 sharp cut-off ar
the mean energy of 100 Mev, For acizr fisre provons wher e

the spectra may be as steep 33 1/E7, fre gradual -~hange in
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sensitivity in the region from 75 to 100 Mev, as shown in
Figure 3, must be taken into account. :

The noncoincident high counting rates cf the single
counter during the passage through the outer btelt must be
due exclusively to geomagnetically trapped electrons which
produce bremsstrahlung either in the satellite shell, |
interior objects, or in the surrounding lead shield. With
an unknown energy spectrum it 1is cbviocusly impossible tc
relate the count rate of the single counter to the flux cf
particles or energy flux carried by the electrons incildent
on the vehicle. However, with proper calibration, we shall
show in Section XI that significant limits on the particle
flux and on the particle energy spectra may be derived.

The response of this bremsstrahlung detectcr to monc-
energetic electrons waststudied in the laboratory using
the electron beam from Van de Graaff generators {High-Voltage
Engineering Co. and the General Electric Cc.), and a low
energy X-ray source at the University of Minnescta. The
éompletely assembled spare payload cf Explorer VI, with a
mass dilstrioution identical teo the flight unit, was mounted
so that it could be rotated about two mutually perpendizsular
axes for exposing any portion of its surface tc direct
electron bombardment. (The electron flux in the energy
range from 250 Kev to 1 Mev in discrete energy intervals
irradiated the payload from various directions so that an
averaged response of the counter for 1sctropic radlation

could be deduced. This experiment differs from an expcsure
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to particles 1in space 1In twc ways: 1} There wag alr
present inside the payload; and 2) the electron beam for
each exposure was unidirectional instead of cmnidirecticnal.
Additional measurements were cbtained inside the vacuum
system using the bremsstrahlung detectcr with an absorber
simulating the satellite shell.)

Since the shell of Explorer VI payload 1s made cf
aluminum 170 mg/cm2 thizk, all electrons with energles
below 500 Kev are stopped in the shell. Therefore the
response of our radiaticn detector to electrons below 500 Kev
1s due entirely to bremsstrahlung produced in the paylcad
shell. This was verified ty showing that the ccunt rate for
an equivalent electron flux was proportional to the l1nverse
square of the distance betweern the detector and the
irradiated area on the sheli. The angular distribution of
X-rays within the satelllte appears ﬁo be sufficiently 1isc-
trople to use the inverse square law for those parts of the
payload where nc appreclable absorption materilal is located
between the satellite shell and our detector. The assumptlion
of isotropy for the X-rays produced in.the shell will be
an even betfer approximation 1n the actusl case of omni-

directional incldence of clacuiron

/1

. in sSpace.

For the equatorial piane of the vehizle where the
inztruments and associzted equipment are located the experi-
mentzl count rates fer the electren flux incident at various
payload lcngitudes were uzed to compute the bremsstrahlung

contribution. The cpenings between equipment snd electronic
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parts in the payload were studied and the calibraticn tskes
into account factors which could influsnce tThe coun®t rase
from low energy X-rays.

From these measurements we wish to chtain the flux
of monoenergetic electrcns isotropically incident upcn
the satellite from the counting rate cof ocur tremsstrahlung
detector. To thls end we 1lntegrated over the respcnse curve
in the equatorial plane and added the urper and lower hemis-
phere 1ntegrations of the payload shell separately. Thus
we obtained the response curve in counting rate per electron
per cm? becmbarding the shell as shown in Figure 4., The
portion of the curve between 200 Kev arnd 1000 Kev can be
expressed as a power law EY-7.

The performance of our detector system for separating
trapped protons and cosmic radiation from bremsstrahiung
i1s clearly shown in the Explorer VI measurements of Figure 5
which represents a traversal through the Inner and cuter
radiation belts at high geomagnetic latitudes.* The triple-
coincildence counting rate rises to a maximum value s%
8500 Km representing the peak of the inner radiaticn belt
for protons _—> 100 Mev, and decreases tc a cosmic ray

background at the radial distance of 950C Km and bevond.

* During each period of satellite motion there are two
passes through the Van Allen belts - we defire an ingoing
or outgoing traversal of the trapped radiation ss 3 pass,
numbered consecutively from launch. The dates «f the
consecutively numbered passes are given in Apprendix I,
Table III.
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For counting penetrating particles the calculated
omnidirectional cross-secticn is 5.5 cm@ which 1s 1.95
times the cross-section for triple-coincidences measured
with Explorer VI, and 1.93 with Ploneer V. These measure-
ments were obtained using the omnidirectional cosmic ray
intensity at great distances from the earth with no brems-
strahlung present. Any increase in this ratio silgnifies
bremsstrahlung detected by the single counter. For example,
in the outer belt the bremsstrahlung rate reaches 1.8 x
IOL1L counts/sec compared with a triples count rate of 5 to
6 counts/sec. from cosmic radiation. In Flgure 5 1t is
seen that detectible bremsstrahlung sets in on the outer
slope of the inner radiaticn belt and increases untill
reaching a peak intensity cof the outer belt. These measurc-
ments demonstrate the separation of the detection of brems-
strahlung from energetic nucleonic particles. It is also
interesting to note that the triple coincildence detecctor
has measured untrappecd solar flare protons whille it was
in the outer radiation belt where the highest singles
count rate was 6,500 counts/sec. (Fan, Meyer and Simpson,

1960).

ITI. THE EXISTENCE OF TWO ELECTRON INTENSITY PEAKS

Typilcal data recorded during passes through the
trapped radiation regions are shown in Figure 6 and Figures
7a and 7b. They immedlately reveal the existence of the

two electron intensity peaks which were repcrted in 1959
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{Fan, Meyer and Simpson, 1960). Using an ion chamber and
Geiger counter, the Minnesota group have confirmed the
existence of this double electron peak structure (Arncldy,
Hoffman and Winckler, 1§60b). Since our data show thrcugh-

out the eight weeks of Explorer VI recordings that a doﬁble
peak 1s a persistent characteristic, and since a re-evalua-
tion of earlier space shot data suggests the possible
existence of this intermediate range peak even over greater
periods of time, we suggest that two separated electron
intensity maxima may be a persistent feature of the outer
radiation belt. We, therefore, use 1n this paper the
nomenclature, proposed earlier, designating with the sub-
scripts 1, 2, 3 the peak intensities at successive radial
distance and indicating by letter P or E whether we observe
protons or electrons, i.e. the electron regions Ep and Eg
are the outer Van Allen belt, thus the maxima in Figure 6
are identifiled as P;, Ep and Es3.

The two peaks in Figures 7a and T7b lie in the E> and

E3z regions. To reduce the Explorer VI cbservations to a
quantitative study, it is necessary to trace the 1identity
of these regions through intensity changes or positional
changes of the outer belt with time before, during or

after geomagnetic disturbances. Therefore, we have defined
the maximum intensity of E, and the maximum intensity cof

E3 as "signatures" of the E; and Ez regions, and we use
these maxima to trace the Ep and Ez electron distributiocns

in the geomagnetic field both in space and time. For
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example, for a given peak distributfon at the equator during
times of quilescent geomagrnetic field, the peak intensity 1s
to be assigned to a magnetic line of force of the dipole
field at range Rp as we show in the nextisectlion. With the
assumptions that the guiding center approximation holds
for the trapped electrons and that both the energy spectrum
and the pitch angle distribution dc not drastically change
in the neighborhood of the line of force through E3 (max),
we find that the maxlimum intensity of the electrons will
be along a line of force over the entire range of latitudes
for which the radiation is trapped (Fan, Meyer and Simpson,
1961). Thus, we may uce the position of maximum intensity
to give us the trace in the meridian plane of the geomagnetilc

line of force passing through E; (max) or Ep, (max).

IV. THE GEOMAGNETIC FIEID AND THE REPRESENTATION
CF EXPLORER VI ORBIT

Since the magnetic field of the earth is described
by a dipole inclined with respect to the rotation axis,
plus higher order terms, and the perlod of the satellite 1s
approximately 12.7 hours, the satellité successilvely passes
through different portioﬁs of the magnetic fleld in its
motlion about the earth, conly returning to 1ts initial posi-
tion with respect to gecmagnetic coordinates after approxi-
mately 32 satellite passes. For studles of the outer
radiation belt where the range R (distance from dipole to

satellite) 1s the order of 15 x 103 te 30 x J,O-3 Km. or more,
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we can neglect the higher order terms. The best test for
the validity of thils approximation 1s fcund in the cca-
slstency with which data obtained in the outer radiaticn
belt fit together smoothly with the dipole approximation
over a wlde range of geomagnetic ccordinates and at
different times. This is shown as follows:

In Figure 8 we plot the positions of Eq (max) in
Ry, cos2A coordinates for which the line of force 1in the
center dipole approximation becomes a straight line paésing
through the origin. The cata used were obtained in a short
time interval since we find that the positicn of the

intensity maximum changes with time. The high latltude

data have been corrected according to Appendix II. Within
the 1imits of experimental errors which we believe tc be

+ 300 Km. the data lie on straight lines. The data for
August 21 were obtained during magnetic disturbances
(Figure 13) when the intensity was changing by a large fac-
tor. Hence, we conclude that the centered dipole approxi-
mation is valid in the outer radiation belt not only for

the undisturbed field but also during times of geomagnetic

" disturbances. This result has been shown in our earlier

report (Fan, Meyer and Simpson, 1960). The important impli-
cation of the alignment of E3 (max) with undistorted dipole
lines of force is the energy density/oe at all times must
be less than the magnetic field energy density,‘% in the
outer radiation belt (for otherwlse the magnetic field linc

would have been distorted by the presence cf the particles).



Thus the problem reduces to the description of the
satellite motion in the geomagnetic dipole merildlan plane
-- a representation used also ty cther investigators in -
the description of satellite and space probe measurements.
Figure 9 shows typical trajectories in the A\-R plane and
indicates how, over an extencded period of time, large
volumes of space 1n the viéinity of thertrapped radiation
are covered by the Explorer VI orblt.

However, we wish to pcint out ancther representation
for the orbit trajectory {(Fan, Meyer and Slmpson, 1961 ).
If the dipole approximation 13 valid fcr outer belt analysls
as we have claimed, then the geomagnetic field lines are
described by the equation R = Rocoszl, where A 1s the geo-
magnetic latitude and R, the equatorilal distance of a
line of force from the center of the dipole. Lines of
force with range Ry around the earth are equlvalent (azi-
muthal symmetry). Thus, the orbit may be descrited on
a plane Ry vs. R wherein each field line becomes a horilzontal
line in the two-dimensional plot. Trajectory data in these
coordinates are shown in Figure 10. We.see that a sig-
nificant portlion of the éatellite motion may be projected
onto a single dipole 1inz of force whose range at the
equator is Rp'. Since the electron intensity is measured
cohtinuousl& we may cobtain curves for intensity as a
function of N (or magnetic field Intenslty) along a line
of force as shown 1n Section VII. If we allow a range

<

spread of about 200 Km. then we obtaln useful data of
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this type from over one-third of all Explorer VI trajectory
passes. Among these passes we find many which lie con the
same Ro as the position of Ex (maximum).

In Section VII it will be shown that the Intensity
along a line of force near E3 (maximum) changes rapidly
with A. Also, we note from Figure 9 that the satellite
sometimes moves obliquely across the region of Egx {(max)
where the intensity 1s a strong function of latitude and
range. For such cases the observed position of electron
intensity peak and the true position of intensity maximum
are in general different. This problem is discussed in
Appendix II. The problem is restricted toc high latitudes,
since at low latitudes the traversals are always at a
large angle with respect to the lines of force. From
Appendix II it 1s clear that corrections in fange and lat-
itude are significant in locating the true position of
E3 (max) at high latitudes. We have appllied these correc-
tions in the region of EB (max) 1n this paper.

In Figure 11 the positions of the maxima for regilons
E> and E3 are plotted 1% the meridian plane for a large
number of trajectory passes. This 1s an extension of
results already published (Fan, Meyer and Simpson, 1960).
From Figure 11 it is clear that the two maxima lle along
lines of force and retain their separate identity to
very high latitudes. It 1s also clear that the intensity
minimum between Ep and E3 in the outer belt 1is not the "gap"

described in the literature between the inner and outer beits.
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V. THE RADIAL CHANGE OF ELECTRON BELTS

To investigate in greater detail the radial motien
of the two electron belts as a function of time which 1s
evident from Figure 11 we have used all passes through E»
and E3 with the criterion for identificatlon of maxima
outlined in Appendlx IX. We then determined the equivalent
equatorial range Ry of the magnetic dipole line of force
on which each maximum was found to lie. The resulﬁs of
this extrapolation appear in Flgure 12. Slnce systematlc
and progressive errors in the time - position data of the
satellite trajectory could introcduce '"drifts', we have
investigated the question of the accuracy of the orbital
data, especially with respect to variable atmospheric
drag at perigee. Although we know there are errors between
the calculated and real positlons of the satellite at
small range -- sericus for inner belt studles -- the errors
in the outer region until at least September 9 are 500 -
100 Km. in range. (See Apvendix II.) It 1s reassuring to
note that after pass 67, on September 12 the U.S.S.R.
second cosmic rocket data showed a principal maximum in the
outer electron belt at the same position measured wilth
our Explorer VI detector for reglon Eg (max) on September
13 (Vernov and Chudakov, 1960). Consequently, the large
changes of range in Figure 12 represent real changes of
the intensity maxima wilth time and lead to the concluslons:

1) There exist rapld and simultancous changes

in range of E% {max) and E2 (max) during geomagnetic
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storms. The magnitude of the change may be as
great as 10% of the total range from the
dipole center.
2) Both reglons tend to undergo the same inward
direction of motion with the magnitude of
change being much less for Es. |
Whether outward motion occurs depends upon the inter-
pretation placed on the data after the geomagnetic storm
on 3 September. Unfortunately the ground stations were
closed for a few days. We have indicated by arrows the
alternate interpretations which may be placed on the data
after September 3. Two regions continue to persist but
their identities become obscure. The maximum appearing
beyond 27,000 Km. after September 25 might be interpretated
as either a new region forming and moving inward or a
shift in the previous Ez (max). 1In any case, inward motion
1s certain at some times, outward motion is not excluded
at other times by our results.

The physical explanation for these radial motions
of the outer belt is unclear. If, as appears likely, the
motions are malnly inward then drift or diffusibn across
lines of force might seem to be an attractive explanation,
especially since the drift occurred during a geomagnetic
disturbance. Although inward motion of electrens in non-
uniform magnetic flelds is a well-recognized possibility
(Herlofson, 1960; Parker, 1961a), both the short time

constants and the persistence of a "sharp'" maximum with
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high intensity at all times 1n the experimental data
argue agalnst inward dlffusion.

The changes have the gross appearance of lines of e
force moving inward as though the scale of the dipole
were decreasing. It has been argued that as a consequence
of the insulating shell of the earth lines of force may
be progressively broughtiinward (Gold, 1959). However,
the peak distribution would rapidly disappear, contrary
to fact.

The Argus experiment (Van Allen, McIlwain and
Ludwig, 1959b) showed that the intensity maximum of trapped
/g—rays from rission products did not change radially
during the entire pericd ¢f observation by more than =~
30 Km. even though geomagnetic disturbances were taking
place. Since the ranges of the Argus '"shells'" were less
than for reglicn Ep, the radial motlon we have found pre-
sumably has 1ts origin in magnetic fleld and current system
changes beyond the range of E, and E3 at the times of

geomagnetic storms.

VI. INTENSITY CHANGRS OF E, AND Ej REGIONS WITH TIME

Since the satellite trajectcriles cover a wide range
of geomagnetic latitudes as a function of time, the spatial
distribution and changes with time of the intensitiles are
intermixed. We shall first ccnsider exclusively the data
obtained in an equatorial band of latltudes + 10° for whilch

case the spatial variation may be ncglected. We shall then
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extend this analysls to higher geomagnetic latitudes, and
finally to a description of the intensity along a magnetic
line of force as a function of time.

The results for intensity changes in the equatorilal
plane are shown in Figure 13 for the region E3. For the
first seven days after launch the intensity is constant
within the accuracy of the measurements. Thereafter large
intensity variations occurred in assoclation with geo-
magnetic storms. On August 16, a severe geomagnetic storm
began with sudden commencement at O400 UT. ‘The magnitude
of the changes in the equatorial horizontal component of
the geomagnetic field at the surface of the earth is
plotted in Figure 13A. The magnetic field in the outer
belt was also measured at this time. Figure 13B (Smith and
RoSeh, 1960; Smith and Sonnet, 1961). The pericd of
violent magnetic disturbances, represénted by large values
of Ap, continued into August 17 - 18. Since it is well
known that more than 7 - 10 days are required for the fileld
to return to its normal condition, the second sudden com-
mencement magnetic storm which began at 0410 U.T. August 20
must have been superposed on the recovery phase of the
August 16 storm. The August 20 storm was coincident with
a sudden decrease of =~ 15% of cosmic ray intensity in
space. (Fan, Meyer and Simpson, 1960 ).

Gross changes of intensity in the Ez region have

also been observed with the other radiation detectors on

Explorer VI. (Arnoldy, Hoffman and Winckler, 1960a,1¢60L:Rosen
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Farley and Sonett, 1960). The most obvious phenomena we
note are 8 sudden decrease of intensity following the
initial phase of the storm, and later, a bulldup by a
factor 3 in intenslty within 24 hours during the main
phase and recovery of the first storm. The equatorial peak
intensity increased by another factor ~ 3 at the time of
the second maznetic storm on 20 August. The 1ntensity
then gradually declines, and after the magnetic storm of
September 3, reaches approximately the values obtailned at
the time of launch. We note here that geomagnetic storms
occurred also on 20 September and 3 October. These latter
two storms were minor ccmpared with the events of August
16 and 20,

We now investigate the intensity changes with time
at higher geomagnetic latitudes, viz. at higher fileld
intensities along lines of force through Ez (max). Since

the intensity decreasss rapldly with increasing latitude,

‘. te

curves similar to Figure 13 at higher latitudes can only

be oobtained by using data from small intervals of latitude.
Therefore, all data in the latitude ntervals N = 20° +
10° and 40° + 10° were interpclated (Sectlon VII) to 200
and 40°, respectively and are shown in Figure 14. These
curves for 0°, 20° and L0% reflect the changes of electron
plteh-angles with time. We discuss quantitatively the
chysical meaning of these observations after cxaminlng the

detalled electron intensity distribution along a line

of force.
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VII. THE ELECTRON INTENSITY ALONG LINES
CF FORCE AS A FUNCTION OF TIME.

From the electron density measured along a tube of
force either the distribution of mirror polnts or the
equatorial pltch angle distribution of electrons may be

determined. Thus, these measurements are fundamental to

‘an understanding of the electron scurce and loss mechanisms

in the outer belt.

~ We note from Section IV, Figure 10, that for some
passes the satellite moved along a dipole 1line of force
for a significant interval cof time and that approximately
one-third of all passes contained data of this kind.
Curves for Intensity I vs A have been conatructed by
supplementing these passés with individual crcossings of
the same force line at different latitudes but at closely
related times.

We first show in Figure 15 the intensity along a
line of force passing through the maxlimum of Ez during
times when the geomagnetic fleld is relatively quiet.
Curve A 1s for a perilod befbre the geomagnetic storms,
and Curve B represents a quiet period¥* where the counting
rate was stlll high following the geomagnetic storms.

All additional data along segments of lines of
force, not necessarify through E3 (max), are given in
Figure 16 for both magnetically quiet and geomagnetic

storm periods.

*The lowest magnetic disturbtance indices for Auguat and
September occurred on August 26.
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We have found that all these data, to

W

W

gcod apprcxi-

maticn, mey Le represenved Ly
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st intermediate latitudes, and, for perlcds free from mag-
netic storms, even <o the equator. The symbols I, and By

pafer te equatorial clectron and magnetic field intensity,

The dats frem Figures 15 and 16 have been plotted
in Flgures 17 and 18 using expression (1) and a dipole
magnetic field for thoge caseg where the lines of-force
passed through Ex {maz.). The values of the exponent x for
thege curves arc listed in Table I,

rpovided there zre no large changes in the electron
spectrum with time along @ line of force thrcugh E3 (max),
s condition we later cshow to ke satisfiled (Section VIII,
Fignre 21) then the curves in Flgure 17 prove that the
pilteh angle distrivution {or mirror points} 1s changed
during the main phase of the first geomagnetic storm.

The relationship between the exponert x and equatorial
plteh angle distribution has been Aiscussed recently (Fan,
Meyer and Simpuoon, 1961). PFigure 17 also proves that thoe
narticle intencity increase 1s initially concentrated at
the equator, and only at a later time in the development
of the marmetic storm Joes the cloctron flux at large

1,/Be (hich latitude) begin o risc.
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In the same way we Investigate the region Ej.
Unfortunately, due to the high latitudes of the trajectory
through the region of E; maximum, there are only individual
points and no sections of data along lines cf force. There-
fore, we must be contént with cocnstructing the intensity
along tubes of force using data, grouped wver a period cf
several days. Since we showed (Fan, Meyer and Simpson,
196C ) that the region Eo is relatively immune to the
large scale solar-induced phenomena associated with Ez,
we use data over Intervals of time for which there was
negligible change in range Ry for Ep. These time intervals
As, Bp, Cp, Dp are given in Filgure 19. The assumption
that the spectrum 1s independent of latitude no longer
holds for reglon E, as we shall show in Sectlon VIII.
Hence, we must confine our attention only to the relatively
large scale changes 1n slope of tte c9rves with time.
The electron intensities along lines 6f force are shown
in Figure 19 where the steep slope of curve By, corresponds
to the time August 17 - 18 of the first geomagnetic storm.
We conclude that during this phase of the storm the mean
pltch angle of electrons in region E, also 1lncreased.
VIII. CHANGES IN ELECTRON ENERGY SPECTRUM
WITH RANGE, LATITUDE AND TIME
The analysis of‘the outer belt electrons has so
far provided us with the time dependent parameters of
electron intensity I, equatorial range Rq of E3 (max),

and a function x representing the electron pitch angle,
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or mirror point, distribution along a line of force. gincc
the electron flux is measured by its bremsstrahlung produced
in the satellite 1t 1s essential also to understand the
major changes which may take place in the spactrum of trapped
electrons during and after ‘he magnetic steorm. For example,
1f the spectrum of electrons changed along a line of force
in such & way that the mean energy is much higher near the
equator than at high latitudes during the magnetic storm
(for example, during Pass 22) it could not be argued that
the observed increase in x (Figure 17) was due to an

in

€]
=]
1

reased concentraticn of partlcles at the geomagnetle
equator.

We approach this problem of spectral change with time
and position ag follows. Althcugh we do not knrw the electron

spestrum we can determine 1f there are changesg in the spec-

trum by observing the reliztlve change in count rates of two
bremastrahiung detectors, each having 2 different response
to the electron spectrom,., Twe detectérs sultadble for this .

purpose are the ¢. M. ccuniber of the Minnesota Group (Arnolidy,

Boffman and Winckler, 19€64%), and the.single, lead-shielded
proporticonal counter,

Thervetore, we use the change in the ratiloe
G. M. Count rate
Z = Proporticnal Cecunt rate as an indicator cof changes in

the trapped electron spectrum.

The ratic 2 13 zbown in Flgure 20 as a function of

equatorlal eange Ry in 9° intexvals of latitude. It decreases

J

with incrensing range R

1

cut levels off at approximabely
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22,000 Km. Thus, the 2lectron spectrum at high latitudes
and small range 1s quite different from the spectrum at

E3 (max). Beyond 22,000 Km. there is a negligible change
in spectrum. '

These conclusions are verified in Figure 21, where

we have plotted Z along selected lines of force. Pass 33
lies in the E, region. The data for Pass 22 were obtained
during the intense magnetic storm, thus proving that the
intensity changes along the line of force in Figure 17
are not due to changes 1n electron spectrum with latitude.
To isolate gross spectral changes with time from |
these spatial changes, we have selected only values of the
ratio at E3 (max) in the equatorial zone. Thls ratio is
plotted in Figure 22 as a function of the single propor-
tional counter intensity. We note here that:

a) There are no significant changes 1n spectrum
until after reaching maximum intensity at
Pass 25.

b) After Pass 25 there 1s a systematic change of
spectrum for many days (even though some of
the variations in ratio may be due to changes
in range, etc.)

These results reveal that the electron spectra for

Curves A and B in Figure 17 were different.

The above analysis did not depend upcon assumptions

regarding the form of the electron spectrum. If we

assume, due to lack of detalled information that the



electron spectrum ito #Ziwen oty N{EYE = AE‘X 2k, “hen we

may predict specific chargss in the energy apectrum. This

has been done in Arperdix ITI whare the value of 8? L8 -
derived from the count-rzhte retice and the detecser

response curves.

IX. TEE CRIZTN OF CHANGES IN TEE
QUTER FLECTROW BELT
In the preceding seceticns of this paper we heve

established four paraceters tc represent the physical char-
acteristics and changer with time of the cuter cicctron
belt; namely, 1) the razirum electron intensity at the
equator Ig; z2) the mirror point distriktuticon aleng a line
of force represented by the exponent x; Z) the equatorial
range of the dipole line =f force passiag threugh the prin-
cipal maximum Ez {maxz; =& the outer belt R.; and 4} the
ratlo Z which is sensitive to changes 1n the electron
spectrum. All of these narameters possess spatlal and time

dependent characteriscicz,

l'/;

We now investigets the bawsic question of the crigin
for changes in thesc paramsters with time, It 1e¢ clear

that the time dependenc: criginates wifh evernts at the sun

which transport energy vy means of plasma, radlatlcn or
rarticles to induce geormagnetiz storms. Th is not gevtled,
however, whether the curtcr helt electroins rave a long
trapping time and undergzo changes Ir snergy and trajectory
through variationa of the geomzgnetic field in such a w&ay

that when the rileld retuirns te 1ts initial cenditions, SC
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will the parameters of the trapped electrons. Is the
origin of the changes with time to be found entirely in
reversible processes, for example, the betatron effect?
Or, are we forced to conclude that at least part of the
effect 1s brought about by particle loss, local electron
acceleration or injection, and, therefore, are we required
to admit that irreversible processes are prominent in the
changing character of the outer electron radiation belt?

In thils section we shall show how the analysis of
the four parameters I,, Ry, X, Z along with a gross
knowledge of the form of the time changes in geomagnetic
fileld B enable us to decide between these alternatives.

First, we bring together in Figure 23 the main
results of our analysis in earliler sections for the period
before, during and after the two geomagnetic storms on
August 16 and 20. This interval of time was chosen be-
cause of the large scale effects, and the availability
of large amounts of data.

Second, our analysis is restricted to the region
Ez where the position of the maximum intensity in the
dipole field is used as a "tracer" to follow the electron
distribution with time. When we state that a particle
distribution remains on a line of force through Ry we
are uslng this line of force as representative of all
lines of force around the earth at range R, across which

these particles drift with time. We have assumed the
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centered dipole approximatidn where the fleld shape is
independent of longltude.

Third, since the Iintensity changes of the geomagnetic
fleld were measured in the E3 reglon by the magnetometer
on Explorer VI as shown in Figure 13B, we call attentlon
here to the conclusion, important for the analysls which
follows, that the magnetic fleld changes at the location
of the E3 reglon and at the surface of the earth (see
Figure 13A ) are similar -- especlally with respect to the
slgn of the change in intensity with time. We also note
that significant deviations of the magnetic field from
the dipole approximation do not appear in the Explorer VI
magnetometer records during the maghetic storms untill
ranges 1n excess of 25,000 Km are reached (Sonett, Smith,
Judge and Coleman, Jr., 1960).

From Filgures 13 and 23 we divide into eight suc-
cesslve time intervals the majorichanges in the outer
radiation belt and relate them to the ﬁhysical properties
of the belt and the magnetic fileld.

-

Pefiod t
Is)

(Aug. 7- This 1s the prestorm period where the mirror

point distribution was constant and the
intensity ¢changed by less than 1% per day
for the order of 7 days.

I(ty) 7= constant

X(tl) - 0.57




| Period ¢
Aug. 16-%1

Period t
| Aug. 17—?8
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Ro(ty) = 23,000 Km.
Z(tq) — constant
These represent the initial conditlons for

our analysis.

The sudden commencement of a magnetic storm

~ occurred at 0405 U. T. August 16. Our first
data after that time were obtained on Pass 19
(August 17) during the main (depfessed
intensity) phase of the magnetic storm. The

maznetic disturbance index A, was high

1Y
throughout this period of time.
3
x(ty) unknown
Ry(tp) &= 22,000 ¥m.
Z(t,) 4= Z(ty)(negligible spectrum

change )
We corclude that the changes between t3 and

tp could be explained by betatron decclerationX

The magnetic field intensity at both the
earth and at the region of Ej (max) had
rapidly returned to within ~ 0.6 of its
prestorm value for Pass 21 on August 18. The

magnetic disturbance index Ap was still high.

: * The S.T.L.
| this time.

scintillétion detector count rate increased at
We discuss this increase in Section XII.:



Perlod ty,

Aug.18-19
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Ip(tz) &= 2 Io(t1)
X = 1.2
Ro(tB) == Rolty)
Z(tz) = Z(tq)

Since (1) the range R, of L (max) was the same

‘as before the storm,{(2) the magnetic fleld has

remained undistorted and (3) the field intensity
was still below the prestorm value, the increase
of I, at tz by a factor > 2 above Io(tl) can
only be explained by some ilrreversible process,.
In fact not only is Ig(ty) > Io(ty) but also
x(t3) P x(ty).

The magnetlic field continuecs slowly to increase
towards normzal Intensity on Pass 23. The elec-
tron flux 13 increasing and a flux appears at
great distances ( P 40,000 Km) as shown in
Section X.

pait

S 1 .
Rolty) = Ro(tq)
7it) = z (tq)

This step could be possibly accounted for by

betatron effccet.
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Period t5

Period ¢
Auvg. 21-

Aug. 20

8

-31-

The second magnetic storm with sudden commence-
ment at O410 U.T. August 20 was followed within

four hours by pass 25.

Iltg) ~= 6 I(t,)
Ro(ts) - Ro(ty) ==  -2000 Km.
x > 1

Z(ts) == Z2(tq)

We could account for the flux 1lncrease as a
reversible process if the fleld increase comes
about through the change in range of 2000 Km
for E3 (max). Note the high concentration of

electrons confined to within + 15° of the

geomagnetic equator at this time.

Between t5 and tg there are the following
changes:
Io(té) _~ b 1,(tq)
~= 2/3 Ipl(ts)
0.6 x(t7)

x(tg)
Ro(tg) == Rolts)

Z2(tg) Z(ty) (This significant change
of the spectrum¥ is in-
dependent of latitudc.)

The measurements for Curve B centered in time
on August 26 are for a veriod of magnctically

quiet days even though the magnetic field in-

tensity at Ez (max) was still bclow prestorm

*¥See Appendix IIT for probable form of spectrum change.
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level. Note that the data suggest a lowering cf
mirror poirts and lncrease in flux at high lati-
tudes even though the field strength in this

region continued to lncrease.

Period t
Aug. 26-Zo
Io(t7) = 2 Io(tl)
Ro(t7) &= Ry(ty)
x(t7) = x(t6) = x(tl)
Z(tr) = 2Z(tg)
We find here a reduction of intenslty by a fac-
tor of ,~ 2 without a significant change in the
pltchangle distribution and the spectrum.
Period tg
Sept. 3 The magnetic storm of September 3 with sudden

commencement at 2200 U.T. was followed by
high Ap values and resulted in a rapid return
of I, to the value I, (tq) without a significant
change in x as seen in Figure 16.
Io(tg) = I(ty) °
x(tg) = x(tq)
Roltg) = uncertain
Z(t8) 2 Z(t7)
It 1s difficult to prove experimentally that a pro-
cess 1s reversible because so much must be known about both

the particle and magnetic fileld parameters. For example,

Parker | Parker, 1961b) recently has shown that the
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superposition of two deformations of the geomagrnetic field
can approximate almost any variation of electron distribu-
tion which maintains a '"bell-shaped" latitude dependence.
Parker finds three adjistable parameters are reguired to
describe the possible reversible changes in a slowly changing‘
geomagnetic field: namgly T(t) which determines the maz-
nitude of the field By, al(t) giving the scale of the field,
and #(t) describing the form of the field lines. Accordingly,
wherever we stated that a given step could be explained as
a reversible process, we 1lmply the possibility of invoking
changes in these magnetic field parameters to reconstruct
the observed change in electron distribution.

The changes occurring between some of the eight
periods above may be reversible. However, there are some
changes which, under any model for trapped particles, could
not be explained by reversible processes. Indeed, we need
only prove that one of the series of changes is irreversible,
and we prove the process as a whole to be an irreversible
effect. For thils test we choose first the change from
period t, to period t3.

We note that between t; and tz the magnitude of B
decreased (T(t) was decreased) while both the dipole char-
acter of the field lines and the range of the field line
through E3 (max) were preserved (a(t) and ¥#(t) constant).

Yet the electron density at t3 was everywhere greater than
at tl. This change ip»fhe radiation belt had 1ts origin

elther in an increase in energy of the already trapped



electrons

energy ra
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, or additional particles have been added in the

nge to which the detectors are sensitive.

What irreversible proccess could bring about this

result?

a)

Briefly, there exist two extreme alternatlves:
If, at period t, during the main phase of the
geomagnetic storm with the total fleld intenslty
at 1its mininum value, electrons are Iinjected some-
how with encrgles below the detection level of
the bremsstrahlung detectors then when the field
recovers to <~ 0.6 of its initial value these
new particles could be brought up to energies
where they prcduce bremsstrahlung with increased
efficiency. However, this explanation 1s unlikely
since it is required to preserve the ratio Z (or
the spectrum) and the new particles would have to
be concentrated about E3 (max) to preserve the
range of Ey (max).
During the peind to> of the storm's main phase
therc were small scale but rapid magnetic fileld
intensity varlaticns (high Ap)mwhich could be in-
voked through some irreversible process to accele-
rate electrons. Such an unspecified process plus
the partial recovery of over-all field intensity
could not only bring the 1ntensity above its
prestorm valuc hut also 1ncrease the clectron

density near to the cquator,
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We do not attempt here to build models for the observed'
irreversibility but only emphasize that the exlstence ofb |
this step removes the possibility for a reversible theory of
outer belt intensity varlations.

Another irreversible step clearly cxists betwcen t5 and
tg. On the basis of equatorial data the magnetic field in-
tensity increases while the changing electron distribution
remains along a dipole 1line of force of constant Rg. The
evidence is against any change in scale of the fileld. The
electron mirror point distribution returned to nearly the
prestorm values which 1s equivalent to the equatorial intcn-
sity declining while the high latitude intensity increased.
These changes were accompanied by a change in energy spectrum.
If we assume that the spectrum was of the form E™ J’then
we observed an increase in Ef, . These changes rcveal an
irreversible loss of particle energy, or particles. The
data indicate a relative loss of particles at hizh energy‘
which could come about either by the escape of high eneray
particles or a radiative energy loss at high energy. A
similar irreversible process is found between tg and t7.'

Thus our investigation has led us to two irreversibtlc
processes, one an irreversible energy gain and the other an
irreversible loss. At present we do not understand either

of the underlying phenomena.
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X. The Electron Fluxes Beyond the Outer Belt

At ranges greater than 40,000 Km (corresponding to
lines of force reaching the earth at geomagnetic latitudes
greater than 670) the provnortional counter normally detectes
only the cosmic ray flux. Therefore, we may Ilnvoke a2 hy-
pothetical, spherical surface with radius of 40,00C Km to
surround the trapped radiation and determine the fluxcs’of
high e¢nergy electrons, 1f any, which arc trapped or pass
throuzh this "boundary" from time to time. We do thils by
plotting in Figure 24 the single count rate for all data
at distances greater than 40,000 Km. as a function of time.
As shown In Section II, this count rate is the sum of the
omnidirectional cosmic ray intensity, normally 9.5 coﬁnts/
sec., and any bremsstrahlung produced by electrons. The
slngles count rate for the cosmic radiation exhibited
three successive Fortush type intenslty decreases, as shown
by the arrows in Figure 24, Thus, the excess count rate
over approximately 10 counts/sec. is due to bremsstrahlung
by electrons incldent on Explorer VI. One single count
Indicates an omnidirectional intensity of 3 x 106 electrons/
sec/cm? if the energy is 200 Kev. We note that in additicn
to low level fluctuations (less than 1 count/sec.) there
exlst occasional outstanding bursts, especially the increasc
on August 19, whilch would represent a flux of 9 X 106
electrons/scc.-cmé for 200 Kev. cléctrons.

The scintlllation counter detected rapid Intenaity

flugtuations correleted with magnetometer fluctuatlons in
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the same regions of space (Farley and Rosen, 1960). These
electrons must be trapped.

Since these electrons appeared during the period of
intensity bulldup in region E3 it 1s tempting tc 2ssume that
the flux represents the arrival of solar electrons, which
diffuse inward in the equatorial magnetic ficld. However,
they could not be preaccelerated electrons which find their
way into the E3 region for the purpose of producing the
many-fold increase of equatorial intensity because: 1)} the
Ez intensity buildup bezan (between periods t, and t;) many
hours bhefore this distant flux reached a hizh l2vel and
only after thce kind of field fluctuations which micht allow
trapping had subsided; 2) there is no a priorl mechanism
whereby the process of trapping new particles should »re-
serve the location of E3 (max), or the enerzy spectrum; and
3) as a precondition for trapping, the incoming particle
density must aporoximate the trapped particle density; but,
on August 18 - 19 the flux was several orders of magnitude
lower than required.

However, the possibillitles exist that these particles
are "spillage" from the auroral zone, or that they have
drifted outward from the equator as a result of instahilitics¥*

durinz the rapld buildup of E3 (max) intensity.

* For example, the recently studied velocity-space Ilnstebility
observed in mirror machinc geometries by R. F. Post. (Private
communication from R. F. Post to J.A.S. (R. F. Post and

W. A. Perkins, 1961).
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XI. Electron Flux, Energy Density and Spectrum

Bremsstrahlung measurements do not give directiy the
electron flux and energy spectrum. Therefore, we shall
assume an energy spectrum and compute the clectron flux
from the single counter count rate and response curve 1n
Figure U4 for monoenergetic electrons. For any assumed enersy
spectrum, we have the additilional boundary condition that the
energy density of the geomagnetlc field r)m, at any polnt
must conslderably exceed the electron energy density f)e
at that point. This condition was proved in Section IV
for both normal and disturbed geomagnetic field conditions.
This boundary condition,f)m 7 f> e, 1s most severe in the
limiting case of the geomagnetic equator at the range of
maximum E3 intensity, where the electron density 1s highest
and the fleld energy density is lowest along the llne of
force passing through Es3 (max). For the qulet period prior
to 14 August, 1959 where Ez (max) lies at approximately
22 to 23 x 103 km, we £ind for an undisturbed dipole field
a magnetic field energy density of T 2 x 10’6 erg/cmE.

Experimental evidence on the electron spectrum is
scarce. The only direct measurements (Walt, Chase, Cladis,
Imhof and Knecht, 1960; Cladis, Chase, Imhof and Knecht,
1961) were carried out at low altitude ( == 1000 Km) along
a line of force passing through the geomagnetic equatcer at
A range of == 9000 Km. and, therefore, far below the range

of Ep (max).
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In the energy range accessible to our detectors
their data are consistent with a differential energy spectrum
of the form N (E) dE = A3~ ¥ dE with b <y < 5. This
exponent agrees with the analysis of the ratio of G. M. and
proportional counters for a range less than the range of
Eo> (max) as shown in Figures 20 and 25, Appendix III. It
then follows that 1if wé continue to assume a power law
spectrum to ranges beyond E3 (max), then the exponent dropé
to ¥=23. Thus in the discussion which follows we shall
assume a differentlal power law spectrum with 3< y & 5.

e may determine the electron flux for the time
interval August 7 - 14, 1959 at Es (max) in the equatorial
plane as fqllows. The counting rate, I, of a single pro-

portional counter is given by
N(E) ¢ (E) aE

-
[

E1
where N(E) is the electron differential encrgy spectrum and
G(E) is the response function of our detector, shown in
Figure 4. The lower limit Ey 1s not critiqal for determining
I since the function G(E) falls off faster than g7 below
100 Kev. On the other hand, the value of (’e is extremely
sensitive to Eq since the power spectrum is divergent as
Ey —> 0. For the present case we set E1 = 100 Kev. The
upper limit, Ep, 1s not well known. From Valt, et al, it
should be less than 800 Kev. From the results of Van Allcn
and the Soviet measurements, Ep 1s consistent with a value

less than 1000 Kev. Therefore, we assume Ep = 1000 Kev.
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The parameter A in the expression AE‘a/ depends very little
on the choice of Eq, but is sensitive to the cholce of Es.
Increasing E, reduces A

Th

@)

values for the integral electron flux 1n the
region Ez at the geomagnetic equator are glven for )’ =3
and. ¥ = 5 in Table II, alonz with the parameters used 1in
the calculations. To show that the results are not very
sensltive o the cholce of the upper limit EZ’ flux values
for both E2 ='1 Mev and E2 = 2 Mev are gilven.

The electron energy density 1is then,

€ ="

C.'z J[; fd (E) E;‘J E

where ’(/;(E)scw{ is the veclocity of the electrons,
n = E/)”‘e cr ! , and me and ¢ are the electron mass and
the velocity of 1lisht, reswectlvely. The computed values

of f’e are ziven in Table II.

Since there is some evidence (Vernov, Chudakov, Vaku-
lov and Logachev, 1959) that there are elcctrons in the
spectrum bhelow 100 Kev, our calculations tend to be lower
limits. We also note that the tbtal iqpcnsity at E3 (max)
increased sixfold at the equator by August 21 still under
the condit/ion P m D t° e (with the spectrum cssentlally
unchanged as shown in Figure 22). Thus it 1s clear that
the exponent cannot be much in cxcess of x’ = 3, under
the assumntlion of a power law spectrum.

In Table IITI a similar analysls in the rcgion of
E, (mex) at Ry R 16 - 17,000 Km shows that Pec & (am

even for the case of K' = 5.
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XII. SUMMARY AND DISCUSSION
a) Structure of the outer belt,
the geomagnetic fleld, and
fluxes of electrons and protons

Measurements of bremsstrahlung in the satellite Ex-
plorer VI have revealzd that for about two months there
existed two distinct peaks of electron intensity, ldentified
as regions Ep and Ez. This kind of structure 1s a persis-
tent feature of the outer belt. It 1is proved that the max-
imum intenslty in the E3 region colincides over a wide range
of geomagnetic latitudes with magnetic lines of force in the
centered dipole approximation. Thus, the measured electron
intensity maxima may be used as tracers of the geomagnetic
field lines of force for the purpose of analyzing changes
in the belt with time. During geomagnetic storms the elec-
tron intensity increaséd many-fold at E3 (max), but even
under these conditions the trace of the intenslty maximum
followed a center dipole line of force. This leads to the
conclusion that the electron energy density must have been
everywhere less than the magnetic energy density throughout
the time of our measurements.

The observed range for the maximum electron intensity
undergoes large and rapid inward shifts during geomagnetic
storms which amount to as much as 10% of the total range of
the outer belt. This effect is likely to have 1ts origin
beyond the range of Ez and connected with the irreverslble

energy galn in the outer belt discussed later in this section.



1z produced by an electron spectrum of the form & r , and

NI

By introducing the assumption that the Premsstrahlung

T -

A

by noting that the particle energy density 1s everywherse

sss than the megnetic energy density, we may calculabe

the maximum zllowed electron fluxes in the reglon of E<

under

& variety of cssumptions. For thls assum:d spectrum

and snsrgy limits of 100 - 1000 Kev, we find that & should

"

be closze to 3 and cannot be as large as 5. Thils agrees with

1ndencndent calculaticns derived from the measured ratilo

of G.
Under
at Ro

range

M. counter to prcocrtional counter counting rate.
these assumotlons the omnidirectilonal electron flux
= 22,000 ¥n. 1s 8 x 108 electrons/cm?® sec. At smaller

in the Ep region, a larger value for the exponent 18

allowed from energy density arguments, and 1is calculated

from the observed changzc in counting rates

of bremsstranlung

detectors. For the regicn Ep a value of y =5 1s con-

sistent with high latitude observations.

The bremsstrahlunc Jdetecctor data shew that tho cnergy

spectrum along a line cf force E3 (max) 1s essentially in-
dependenrt of latitude, 2ut fthrough E2 (max) 1s sensitvlve £
geomagnstic latitude, Loing strongly energy dependent at
high latitucdes. For exzmple, 1f the electron energy sDec-
trum hzs the form E-Y with an upper en:zrgy limit between
100C and 2000 Kev, ther the form of thc specctrum in the
outer belt tends to becoms (latter (decrezasing ) with
increasing range in *the ~utzr belt. The elccetron spectrum

near Es (max) was chzerved te remaln essentially unchanged
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even though the intensity changed over a factor of 6 as
a result of a gecmagnetic storm. At a later time, the
spectrum was observed to change significantly and in such
a way that for our assumed spectrum the value of the
exponent increased by 25 to 50% within a few days, and
persisted long after the terminaticn of the magnetlc storm.
Thus, 1t 1s evident that geomagnetic stcrms may induce
changes of the outer belt electron spectrum as well as
changes in total intensity.

The proton flux in the outer belt for energles in

excess of 75 Mev is (0.0 + 0.1) protons/cm2 sec.

b) The Origin of the Outer Belt Electrons

We have described properties of the outer electron
belt (in Sectlon IX) by four parameters representing
equatorial intensity Io(t), locatlon of the megnetic dipole
line of force trrough E3 (max) at the equator, R, the
electron density distqibution along a lire of force 1 =
I, (g—g N characterized by the parameter x, and a measure
Z of spectral change qf electrons with time. We find
that within the sequences of changes in the outcr belt
induced by geomagnetic storms, there are some changes of
these parameters which are accounted for only by invoking
an irreversible energy gain or energy loss within the belt.

Since we measure bremsstrahlung, our count rate I (single

counter) 1s given by



RTIT

e
I = S G(E) N (E) GE, wnere N(E) is the spectrum and
0 G(E) 1s the detector efficlency.
Although we know G(E) (See Figure 4), we do not know N(E)
and therefore cannot prove whether a change in I arises
from the gailn or loss of particles, or whether there 1s a
kinetic energy gain or loss for a conserved number of par-

ticles. Thus, we confined our conclusions to the proof that

there exlst two kinds of irreversible processes; namely,

1. Particle or energy gain to the belt.
2. Particle or energy loss, leading to a stable
intensity and electron mirror-point distributlon.

Regarding the proccss of energy galn we have found
arguments which strongly favor local acceleration of the
electrons. Some of these arguments are of tihie negative
kind. The monitoring of the high encrgy clectron flux
beyond the outer belt prévxs that rpreaccelerated electrons
&rs not present with sufficient density even 10 1t were
possible to trap them efficlently. An injectlion of elec-
trons at sub-detection encrgles ( 4 50 Kev) followed by
local acceleration is unlikely because the electron dis-
tributlion of added particles would have to malntain tho
original Ex (max) location in the magnetic 1cld and lcave
the resultant energy spectrum unchanged.

We are led, therefore, to conslider mainly local
acceleration of electroné alrcady trapped and to ask where

and at what tlmes durinz the magnctic storm could this
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irreversible encr +ain onccur. The time of occurrence
o

1s fairly well limited to the last part cf the main phase
and extending through the first hours of recovery from

the main phase of the geomsgnetic storm. (August 18 and 19

as shown in Pigures 13 and 23).

The mechanism for erergy zain 1in this period 1is
okscure. For examnle, 1 a statistical acceleration pro-
cess, 1llke Fermi acceleration were operativz at this time
whille small scule magnetic irregularities wore moving

thrzough the dipole Tield we might expect that protons would

dibwm v

be even more efficiently accelerated thar cliectrons. 1Is
1t not 1likely that the sudden increese of particle intensity

observed in the Explorer VI scintillator (Rcsen and Farley

1961) could be the low enerzy protons beginning at the

time when all bremsstrahlung detectors ané the ion chamber

2t111 observed low intensity orn August 17?7 The scintillator

detects nrotons of energy :> 2 Mev, It may alco be 2rgued

that the enerzy inoupt is coirnciient with thc rapil recovery

of the geomazrztic £iz21d -~ such as ring current changcs --
o = [ ] L)

or Avgus*t 17-18. In.any casc, =ny succecsful model of
zcceleration must inélude, 1) the preservation of E3 [max?
over an Iintensity ranze of factor slx, 2) no drastic changeg

in the form cf the spectrum, and 3) a concentration of the

excess intensity in the vicinity of the ~3guator.

Thz 1loss »nroaccsses are of a Aifferent kind. They

are assoclated with a changing spectrum, a decrcase of

electron piltch angles and a gradual reduction of intenslty.

-
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It has been suggested (Arnoldy, Hoffman and w1nck1er;
1960b; O'Brien, Van‘Allen, Roach and Gartlein, 1960) that
the large reduction in observed bremsstrahlung intensity
with the mailn phase of a magnetic storm (in our case pass
19) is in reality "dumping" of particles to form the
aurora, We belleve that the small energy density of high

energy electrons cannot account for the much larger

auroral energy release and that betatron deceleration
between t; and tp is more 1llkely.

The results are consistent with the acceleration of
ambient electrons to the observed energy distributions.
Probably through collective motions of high temperature
solar plasma somewhat more energetic partlcles could be
trapped from time to time, but their equilibrium energics
and distribution would still be dominated by processes in
the geomagnetic field. 1In view of our conclusions, the
question of the origin of energy gain and loss processes
is more significant than the question: from where do th:
electrons come?

The beta-decay electrons from neutrons certainly
contribute to the outer belt (Hess, 1960; Desslcr and
Karplus, 1960). Recently, however, it was shown that pro-
cesgsses other than 1hjection of neutron decay electrons
must be operative 1n order to account for the spatial
distribution of electrons in the outer belt (Hess, Killeer.
Fan, Meyer and Simpson, 1961). This again points to the

existence of energy galn and loss processes.
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It 1s important to note that satellife bremsstrah-
lung observations 1n low altitude orbits, such as
Explorer VII, will appear to have a time dependence differ-
ent from our equatorial results for the outer belt. This
1s readily understood from Figureé 14 and 23 for the
August 1959 magnetic storms. For example, the increase of
intensity would appear at the "tip" of the outer belt a
few days after reaching maximum intensity at the equator.
The position in latitude of the maximum intensity near the
"tip" should shift rapidly by ~ 1° to 3° corresponiing
in our analysis of changes 1in R, (note that for low alti-
tudes the center dipole approximation is not éufficient
to describe the real field).

Finally, we caution the reader to recall that we
have been able to analyze only two magnetic storms. We
would expect the detalled changes in the outer electron
belt from one magnetic storm to another to be as dlverse
as geomagnetic storms themselves have proven to be through
many years of analysis by many investigators. Indeed,
the magnetic storm of September 3 (for which we have very
few data) did not lead to an irreversible acceleration,
but only a loss mechanism which preserved the prevailing

electron pitch angle distribution.
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Figure Captionns

Perspective drawlng of the Explorer VI satellite
orbit. The orbital data are as follows:
Period: 12 hours 48 minutes
Apogee: 48,788 Km.
Perigee: 6,626 Km.
Geograpﬁic inclination: L7°
T11t of orbit: 38° with respect to
eclirtlec plane,
Block diagram of instrumentation in Explorer VI

used for the analysis of the outer eclectron belt.

Detector response for protons from the synchro-

cyclotron beam of the Unlversity of Chicago.

Calibration curve for the center counter shown
in Figure 2. These electron data were obtained
with the detector in the duplicate Explorer VI

vehicle.

Counting rate data along the satelllte trajectory
(Pass Nc. 27) showlng the existence of the high
energy proton reglon P1 (inner belt) and the Es
peak from elcctrons in the outer belt. Note that
the triple colncidence (proton) count rate beyond

Py 1s due to cosmic radiation alone.




Figure 6.
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Counting rate data along the satelllte trajectory
(Pass No. 13) showing the existence of regions Pj
(inner belt), E» and Ez (outer belt). Statistical
errors are approximately the size of individual

data points.

Flgures Ta
and 7b. Counting rate from bremsstrahlung as a function

Figure 8.

Figure 9.

of range along the satellite trajectory. Electron
peaks E1 and E, are shown. All the data polnts
which determine the curves for each pass are shown

here. Statistical errors are less than + 1%.

Proof that the outer belt maximum Esz (max) lies
on magnetic lines of force in the centered cdipole

approximation even for periods of gecomagnetic storms.

Projection of satellite orbit on the merldlan planc
of the geomagnetic field using the centered dipole
approximation. Insert (b) shows the complete

trajectory.

Figure 10. Representation of Explorer VI trajJectory in coordi-

nates Rg vs. R in the approximation of a centered

dipole magnetlc fleld wherc R = Rocoszx.

Figure 11. Meridian plane plot of the Ep (max) and Ez (max)

positions in the geomagnetic fleld. For more de-
tailed analysis see Figures 8 and 23.
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Figure 12. The position of E3 (max) extrapoclated to the geo-

magnetic equatorial range R, as a functlon of time.

Figure 13a. The change of 1lntensity of E3 (max) in the geo-
magnetic equator (i 10°) as a function of time.
The averaged values of the surface horizontal com-
ponent of the equatorial geomagnetic field (Huancayo,
Peru) 1s shown. The Ap index indicating the magni-
tude of geomagnetic fluctuations 1s given as

individual solid points.

Figure 13b. Changes in magnetic fleld 1ntenslty observed 1n
Explorer VI within the outer belt (Smith and Rosen,
1960; Smith and Sonett, 1961 to be published).

Figure 14. Electron intensity as a function of time at E3
(max) for different geomagnetlc latitude intervals.
The solid points represent data within + 5° of

the 20° curve or the U400 curve,

Figure 15. Electron intensity at Ez (max) along lines of

force in the centered dipole approximation.

Figure 16. All experimental data for Eg (max) along lines of
force similar to Figure 15, but covering a wide

interval of tlime and range 1n space.
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Figure 1T7. Electron 1ntens1ty along magnetic lines of force
through E3 (max) as a function of %time. Using toe
data from Figure 15 and data during the gecmagnetilc

B

-X
storms August 16 - 20, it is shown that I = IO(EZ} o

Figure 18. Electron intensity along magnetlc llnes cf force
through Esz (max) as a function of time later than
August 26, 1959.

Figure 19. For the region of E2 (max) the intensity along
lines of force have been determined by using data
in the following time intervals:

As : August 7 to 15, 1959.

AV

B, : August 17 to 18.
Co : September 8 to 11.
Dp : September 24 to 25.

Figure 20. The ratilo Z of zounting rates from two brems-
strahlung detectors as a function of equatorial
range Rp. All data points have been projected onto
cquaterial piane in the centered dipole maghetic
field approxiration. A'chanéa in Z indicates 2
chanze in electron spectrum. (The G. M. ccunter
data are from Arnoldy, Hoffman and Winckler, 196Ca,

b and private communications).

Figure 21. The ratio Z alonz magretic lines of force near

Ex (maximum) and E-» (maximum}.
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Flgure 22. The ratlo Z as a function ¢f the single pro-

portional counter counting rate at E3 (max).

Flgure 23. The changes in pltch-anzle (or mirror point)
distributlions and intensity for electrons at Es
(max) as a fuaction of range Ry, and time for the

geomagnetic storms of August 16 and 20, 1959.

Figure 24, The high energy electron flux observed beyond
~the outer electron belt, 1.e. at a range Rpo 2

40,000 Km. as a function of time.

Figure 25. The calculated relationshlp between the ratio 2
and the cxponent ¥ , assuming that the electron

spectrum is 4N = AR-Y @E (E & 1 Mev.).
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Appendix I
Table T

Characteristinss of Charged Particle Detectors and
Magnetometer on Explorer VI

Proportional Counter Telescope University of
Chicago

a) Triple coincidence counts measure
protons (E > 75 Mev) and electrons
(E > 13 Mev) and are not affected
by intense bremsstrahlung.

b} Single counts measure bremsgstrah-
lur and particles under a)

- -— — - - - —- o - - -~ - - - e - e e - - - - - —_— - - - o e - -

G. M. Counter and Ion Chamber University of
Minnesota

a) G.M. courter measures sum of pro-
tons (E > 36 Mev) Elcctrons
(E> 2.8 Mev) and ambient brems-
strahlung
Ion Chamber

b)/measures average ionization per
particle (Protons E > 24 Mev,
Electrons E » 1.6 Mev) plus
bremsstrahlung

Plastlc Scintillation Counter Space Technol-
ogy Laboratorico

a) Measurcs ¢lectron flux directly
for E > 200 Kev.

plus b) Bremsstrahlung

plus c¢) Protonz with E > 2 Mev.

Spiln Magnetometer Space Technology
Laboratories

Measures component of magnetic fizld
perpendicular ' to the spln axis of
Explorer VI down to 1077 gauss.




Avnpendix I

TaBle TT

Low Latitude Traversals Through the Outer
Radiation Belt Which Yielded Data

Dates Number of Passes througzh outar belt.

Uh

ON

-~

£ o N

Pioneer I
Ploneer III
Lunik I
Piloneer IV

Explorer VI

Lunik IT

Pioneer V

1
1

Jan.2,1959 1

2
Aug.7-
Oct .6,
1959 113
Sept.l2,
1959 1

Mar.l1l1,
1960 1




Arnendix I
Tablce TI1L

TIMES FOR ORBIT PASS NUMBERS OF EXPLORER VI(Aug.7-0ct.6G,1000)

P4

Date Pass Mo Date -’ Pass No. Date Pass Mo
8-7 1 8-28 b1 9-19 81
8 2 29 e 19 82
8 3 29 L3 20 83
9 4 30 Ll 2 B
9 5 30 L5 21 85
10 6 8-31 6 21 86
10 9- 1 It 22 BZ
11 3 1 LG 22 a8
11 9 2 ) 23 a9
12 10 2 50 23 50
12 11 % 51 24 9.
13 12 3 50 2U. 92
13 13 It 5 25 OR
14 1k I} 5 25, Ol
15 15 P, 5° 26 v
15 16 5 =L 26 94
15 1 6 57 22 9@
16 18 6 58 28 ad
17 19 i 59 28 99
17 20 g 60 29 100
18 21 € 61 29 101
18 22 8 62 30 102
19 23 9 653 Q=30 103
19 ol 10 an 10- 1 10k
20 25 10 67 1 10%
20 26 11 65 2 104
21 27 11 67 2 107
21 28 12 (5 3 109
22 29 12 60 3 109
23 20 13 70 lt 110
23 31 13 71 Lt 111
2u 32 14 72 r 117
2u 33 1 75 5 115
25 3k 15 Th
25 35 15 70
26 36 16 76
26 37 16 77
27 38 17 75
2 39 17 7
2 o 18 80




Appendix 11

The Process of Determining the Position of
«-8& Radiation Belt
We define the position of a radiation belt by the location
in the geomagnetic equatorial surface at which the counting rate
of a radiation detector is a maximum.
Conslder a line of force of the geomagnetic field. A
position on this line may be specified by means of a parameter
b = B/Bo where B 1s the magnetic field intensity at this position,
while Bo 1s the minimum magnetic field intensity along the line
of force. Since an equatorial surface is a surface generated by
the points of minimum field intensity on liner of force, 1i.e. the
Bo surface, the constant Bo lines and their orthogonal lines,
denoted by constant @, may then be conveniently used as a
coordinate system to specify the positions of lines of force.
Thus, the three variables; Bo’ # and b determine a point in space,
and we can write the counting rate as
| I=1I(8,, #, b). (1)
The variation of coun%ing rate per unit arc length 4{5‘
along the trajectory of the satellite is
{5, B B, % B 8
Z,b B,,b B, .¥ |

o

If there is an axial symmetry so tﬁat J1I -0 o

»

becomes

ar _ | 1 dBy , [ 21 ab | (3)
O



I al
The physical meanings of and SEO
B,, £
O ’

respectively the variation of the counting rate along a line

3,b are

of force and that along the intersection of a constant b and
a constant @ surface. The positions of the maxima shown in Fig.
5, 6, 7Ta, Tb are the solutions of %§ = 0 and are called the
observed maxima whereas the true maximum of the radiation
belt by our definition 1s glven by the equation [g%;] . = 0.
This is, of course, correct only if the pitch angle digéri-
bution, n(v,eo) (Fan, Meyer, and Simpson 1961) does not vary
greatly with respect to Bo'

The following is a working process by which the solu-

tion of ( gl 3 = 0 may be found.
B
°© #,v
It was shown in Figure 17 that for a limited scgment

along a line of force of a center dipole field, Eq. (1) assumes
the following simple expression

I =f(R,) (p)7% (L)
where, if R and A are re8pectively the range and the mag-

netic latitude, 1
2

N (1+33in2>~ )
Ry = R/cos“A , b = cosD N~ (5)

and x is in general a function of BO. Bo is then M/ROE.
Therefore, 1f the magnetic field in the vicinity of the

short portion of the trajectory 1s not greatly different

from a center dipole field, and if the value of x 1is
almost constant, the position of the maximum of f(R,)

(=Ib*) will be approximately the solution of (QL ) = 0.
aBO ¢ ’b




In the determination of the maximum of f(RO) we
erccuntered two difficulties:

(1) The determination of the position of E3 required
a knowledge of the value of x for'IQDQS 22,000 Km, which 1is
not always available. (2) The position data errors are
determined by the accuracy of the trajectory data discussed
telow,

The values of X during the qulet period of August 7 -
August 14, 1959 at R, = 22,000 Km were 0.5 to 0.6, while
in the magnetically disturbed days (August 16 - August 20)
they increased to about 1.0 - 1.2. This 1s'about the total
range in the measured values of x. The following criterion
was used for the actual determination. If the value of x
for certain passages at R, between 19,000 Km - 24,000 Km
w23 avallable, this value was used; otherwise, the value
of x of the passages immediately preceding or following
weg used, provlided that no magnetic storms were under way.

Take the passage #20 as an example. The maximum

I

counting rate along the trajectory ( g% = 0) is atk

12.4% and R, = 24,500 km whereas the solution of %ﬁ
O

i

0 25 at N = 14.4° and R, = 23,600 km.

We have used improved trajectory calculations pre-
rared by the staff at Space Technology Laboratories which
tzke into account the variable atmospheric drag at perigee.

ese data appear to be accurate within =521 100 Km at the

cuter belt until at least September 12. However, a new



trajectory for Expicrzr VI wlil be prepared which 1is
rased orn minitrack data previding mere acourate posivico-

a o

5731l rarnge. In view of theze trajector

}—k
o)
o
)
C+
%)
"\
<t
bl

worked cub only for the cases where the solutlcns cf = =

ar s . .
and vsi- O 0 are widely different. Ko correcticns ars
o)
y ..O .
needed for values of 7\ £ -0Y, sirce = =, L.
Two final remarks must be added:

(1) Since

D]y s
there always exists an extreme value of I { g—) X at the
position where o = ¢, and this ig in generai differant
frcm the zolution of g% = 0,

(2) It zan be shown readily that the "ridgs

counting-rate contours, whizh 1= fregquenti

&«
=
(&3]
(2
39

+
)
o

Aefinitior of ths positicn of a padiatior bz2lit, ceiroidss
with o lires=f force paifing through the solutlon ¢ ap
e

¢. Therefcrz. thess two definlticns are weorivalant.




Appendix III

Derivation of Changes in Electron Spectrum
Using Bremsstrahlung Detectors

We showed in Sectién VIII that whatever-may be the
form of the electron spectrum 1n‘the outer belt the spec-
trum undergoes changes with range and along lines of force
in the vicinity of the E2 region. However, the spectrum
was approximately constant along lines of force through
E; (max).

We shall now iIntroduce an assumed form for the spectrum
and calculate what the changes in the ratio Z of count
rates from two bremsstrahlung detectors, each having dif-
ferent responses to a given energy spectrum. The response
curve for the single proportional counterhas been described
in Section II and Figure 4. The‘response curve of the
G.M. Countef In Explorer VI has been made avallable to us
by Arnoldy, Hoffman and Winckler. (The three groups of
Investigators using Explorer VI for radlation measurements
have exchanged their calibration and detector characteris-
tics.)

From Section XI 1t appears that a reasonable form of
the electron energy spectrum prevalling in the outer belt
1s dN(E) = A E*¥ dE, which we shall use in our calculations.
Our second assumption is that the maximum energy for the
cuter belt electrons is E<2.8 Mev, i.e. no direct electron
detection is possible by either detector. (Arnoldy, Hoffman

and Winckler, Private Communication)



We may then calculate directly the expected values of

b’ for given values of the ratio Z. The solid curve shewn

}

n Fi

17T

2
gu.a.e o

uses the measured respcnse curve in Figure U

U
<
U
(I
u

and a maximum electron kinetic energy of 1000 Kev. To demon-

strate the sensitivity of these calculations to the shape

of the response curve we nave also calculated Z vs. X’ for

the case where the single counter response is proportional -
to E4'7 over the entire cnergy range. Clearly, the changes

in ¥ are not extremely sensitive to the shape of the low

energy portion of the calibration curve except for high

values of Z.

Thus the changes 1n spectrum at E3 (max) which occur
during recovery from geomagnetic storms in Figure 22 would
be interpreted as a change from approximately E'3 to ~ E"l‘L
for the electron differential spectrum between August 20
and August 26, 1959.

If these assumptions were approximately correct. the
dependence of Z on R, in Figure 20 wculd 1lmply that the
electron energy spectrum becomes "flatter" with increasing

range.
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25 | | T I l I T |
— Positions Were Measured In 7he Order Of (1), (I) And () A
- in Each Group. The Time Separation Between The
— Measurements In (1) And (II) Wos i1 Hours While That in —
L (O) And (I0) Was |Hour And 30 Minutes.
20 — —
b <—‘I 3
__ 15} —
E
X h— -
o L _
»
= - <> —
[
. o |
g _
| Coordinates of Maxima of E4 _
' ® Aug.i! O Aug. 12
B ® Aug 13-14 @ Aug.15 ]
- = Ayg 2! A Aug 27 —
S5 Lines of Force in -
— Center Dipole Approximation .
0 1 | I | 1 | ] |
0] 0.2 04 06 08

cos® » (a=Geomagnetic Latitude)
Figurs 8



Geomagnetic Latitudes (Degree)

60—
Trajectories of Explorer ¥I Passages
Q“ 50‘1.,‘1‘;‘1.!'!1”‘-‘:‘«-n-;mw-mlv,ﬁTI
i42 “’(
50— Aug.
261
3 N
24 .
40— " | >
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30k 50~0|?)L“_LU ‘+\6(\n‘ ’ 17‘%::'&)“77]-.1—\'1;5(’:0:) ' 4"\()‘1):1‘ '
Ronge (Km)
2149 Aug.ll
20— \‘;,, 2229 Aug. 20
~———2359Aug. 2{
-_—0219 Aug. 15"
10— 0429 Aug.8
\ \ PASS 8 N 1719 Aug.8
\‘ \\ 1539 Aug.?
0729 AuglO
0 | 1 | 3
5000 \ IO?OO | 15000 20000 25000
| ; Geocentric Distance (Km) ~e¢  *0909Augll
/ / 0949Aug.20 ™~
-0 //
/
/
//Magnetic Lines of Force
_20 —
— 30 I
0459 Aug.0
e 0629 Aug.! |
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~.50 p—
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Figure 9
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Single Counts /sec at Intensity Maximum of Region Es(X10
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Curves AA' for Data from August IO to August 15, 1959
Curve B for Data from August 24 to August 26, 1959
The Pass Numbers of all Data Points are Shown.

B, Ry= 21,000 km
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50

Ratio of G.M. Rate to Proportional Counter Rate

40—

30—

20—

® = Pass No. 33
A = Pass No. 37

O = Pass No. 7 B

® = Pass No. 22
@ ——
The Measurements are along Lines of -

Force with Equatorial Distance R,:

Date | Pass No. | Ro

10 Aug 7 22650 km ‘

I8 Aug 22 21870 |
24 Aug 33 17870
26 Aug 37 21030 ]

| | | 1 | 1 1 3

30 40
Geomagnetic Latitude (degrees)

Figure 2!
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Figure 25




